not become available by this method. In hydrogen isotope studies with microorganisms, we observed for the fermentation end products1-3 or similar compounds 2, stereospecific hydrogen exchange with the water.
Prochiral compounds CabHH, by substitution of *H for 2H or 3H, give chiral compounds that are important for stereochemical and other mechanistic studies in organic chemistry and biochemistry4-7. These chiral compounds can be obtained chemically, from chiral precursors or by asymmetric synthe sis 4> 5. However rather low stereochemical purities have resulted especially in the asymmetric chemical synthesis of simple compounds. By comparison com pounds prepared by enzymatic syntheses are usually obtained in 100% stereochemical purity. Because of the high cost of the enzymes necessary for large scale preparations only a few examples of biologi cal preparations in a millimole or gram scale have been reported to this date1-3,8' 9. In their pio neering work, Levi et al. 8 had to use about 1.5 *107 units of yeast alcohol dehydrogenase, 1-105 units of glucose dehydrogenase and NAD+ generated from 20 g of glucose in order to reduce 1.8 g [ 1 -2H]-acetaldehyde to 0.9 g (IS ) [1 -2H] ethanol. For the lR-enantiomer one would have to start from [1 -2H] glucose.
Mosher et al. 9 reduced [1 -2H] aldehydes by ac tively fermenting yeast. 90mMoles of [1 -2H] butyraldehyde were reduced with 900 g yeast and 900 g glucose in 3.81 water. The enantiomer did not become available by this method. In hydrogen isotope studies with microorganisms, we observed for the fermentation end products1-3 or similar compounds 2, stereospecific hydrogen exchange with the water.
Details for a preparation of stereospecifically hydro gen labelled ethanol by yeast catalyzed exchange shall be given here. Since it is well established12 that no hydrogen exchange with the medium takes place during the hydrogen transfer catalyzed by pyridine nucleotide-dependent dehydrogenase, such as yeast alcohol dehydrogenase this stereospecific exchange requires an explanation. The following reactions may explain the results: 
The NADH formed would be in equilibrium with a flavine enzyme (diaphorase EC 1.6.4.3). The a This equation does not represent the mechanism, which appears to be rather complex18.
reduced flavine readily exchanges protons with the water. Since all these reactions are reversible and the water is in large excess the alcohol could be stereospecifically and completely labelled. Flavoproteins, whidi oxidize NADH or NADPH are known to catalyze exchange reactions between the protons of the medium and the pyridine nucleo tides 14_17. Especially lipoamide dehydrogenase acting as transhydrogenase (diaphorase) appears to be rather ubiquitous 13 and the yeast enzyme is quite similiar to the enzyme from pig h eart18. Diaphorase from pig heart is commercially available and rather stable. It transfers the pro-S hydrogen atom of the dihydronicotineamide ring whereas yeast alcohol dehydrogenase utilizes the pro-R hydrogen atom of the alcohol19 and of the dihydropyridine ring of the nicotineamide adenine dinucleotide20. Nevertheless, the exchange could occur since NAD+ was used only in catalytical amounts whidi were rather rapidly labelled in 4-positions due to the following reaction sequence:
NADH + RCHO -> RCH2OH + [4 -H] NAD+.

Results and Discussion
The rather general ability of various yeast strains to catalyze hydrogen exchange varies. It also varies with the experimental conditions, as is shown by a few screening experiments (Table I ) . Candida utilis exchanges faster under aerobic than under anaerobic conditions. In D20 or H20/HT0 some deuterium respectively tritium was incorporated into the methyl group of ethanol as we have found earlier 1. A few percent of deuterium or tritium is also introduced in the (IS)-position of the ethanol. For instance after 50 hours exchange with Candida utilis (Henneberg, Lodder) 0.98 g atom of deuterium had been incorporated, of which 0.085 were located in the methyl group and 0.07 in the (IS)-position. At first a partial enolization of the intermediate acetaldehyde was considered responsible for the ex change in the methyl group. This could not explain the hydrogen exchange in the (IS)-position. The hydrogen exchange of propanol in H20/HT0 with yeast which was starved for 12 hours resulted in the formation of some ethanol. The chemical degrada tion of the propanol showed the presence of tritium at carbon atom 1 only, so that there is no enoliza- tion of propionaldehyde and therefore most likely also not of acetaldehyde.
Thus, the labelling of the methyl group and the (IS)-position of the ethanol occured by glycolytic breakdown of endogenous polysaccharides. This effect which only takes place in the presence of ethanol or propanol has already been described in detail 21, 22.
The ethanol that was formed in the presence of propanol became tritium labelled (120% of the radioactivity of 1 g atom hydrogen in the H20/ HTO), in agreement with he value found earlier after feeding glucose to yeast in H20/HT0 10.
When (IS ) [1 -2H] ethanol was formed by ex changing [1,1 -2H] ethanol in H20 , the ethanol formed by glycolytic breakdown of endogenous materials of the yeast only diluted the stereospecifi cally labelled material to a small extent but no deu terium was incorporated in undesired positions.
Starving the yeast in phosphate buffer instead of tap water reduced the breakdown of the endogenous material to ethanol to about 0.2 mmole ethanol per gram dry yeast.
The optical rotation (Table III) Further investigation of this alcohol dehydro genase diaphorase system showed that ethanol, pro panol and butanol were efficiently labelled in a stereospecific manner. It should be possible to label many compounds in a preparative scale by this method as long as they are substrates of pyridine nucleotide-dependent dehydrogenases. The system is very convenient from both points of view, ana lysis and isolation of the labelled material. Usually the equilibrium of dehydrogenations with NAD+ or NADP+ is far on the side of the reduced substrate. Since NAD+ and the enzymes are present in catalytical amounts only, the one component system al lows monitoring the exchange rate by NMR or mass spectrometry. Products which could inferfere with the two enzymes, are not formed. Both enantiomers can be obtained advantageously by working in D20 * # or HoO/HTO or with a labelled compound CabHH, in ordinary water. The same system can also be used to produce hydrogen labelled chiral compounds from nonlabelled chiral ones. The incubation of L-malate23 or L-or D-lactate24' 25 with the cor responding NAD-dependent dehydrogenases and diaphorase in labelled water leads to stereochemical-* * ly pure labelled [2 -H]L-malate or [2 -H]lactates.
Our preliminary determinations of the various parameters for the labelling of alcohols suggest that the system is useful for practical purposes, although not yet optimized in every respect. For example the the exchange rate at pH 7.0 -9.0 is at least 5.5 times faster than at pH 6.
In Table II , figures are given for specific dihydrolipoamide dehydrogenase activities 13 which appear to be equal or similiar to the specific transhydrogenase activity of lipoyl dehydrogenase for Eqn.
(2 ).
The
In the range of 1.0 -2.5 M ethanol, 0.3 -0.6 M propanol and 0.2 -0.4 M butanol the exchange rates were nearly independent of the alcohol concentra tions.
No difference in rate could be observed in an ex periment in which the rate of deuterium incorpora tion in D20 was compared to the rate of tritium ex change from [1,1 -3H] ethanol. The optical rota tion of R-ethanol and S-ethanol (Table III) 
Materials and Methods
Candida ulilis (CBS 621, Centralbureau voor
Gaschromatographic analyses and separation procedures
A thermal conductivity cell was used for gaschromatographic water determinations. Radiogaschromatographic measurements were done according to 1. c. 29 with a RGC 170 instrument (Perkin Elmer, Überlingen, and Laboratorium Prof. Berthold, Wildbad/Sdiwarzwald). For preparative gaschromatography the Philips-Pye Series 105 apparatus was used. (Columns: 4.20 m -0.5 cm, 20% polyethylene glycol) (Fa. C. Roth 2000 solid, 2-0165 on kieselguhr 0.2 -0.3 mm treated with dimethyl dichlorosilan). Per separation cycle aliquots of 0.5 ml of a 10 -20% alcohol solution in diethyl ether con taining about 1% of water have been injected auto matically.
The time required was 30 -130 hours depending upon the total volumes (30 -50 ml) and the alco-hol separated. With ether solutions, analytical glc was sim iliar; with aqueous solutions, it was done on poropak columns (2 m -2 mm). Tritium in aqueous solutions and in the form of silver salts of organic acids was measured in a solvent system according to B ray30 with an Intertechnique ABAC SL 40 Li quid Scintillation spectrometer. 3,5-Dinitrobenzoates of alcohols were combusted prior to radioactivity measurement31.
Measurement of exchange rates
Tests for pH dependence and other variables were usually done by radio gasdiromatography29 using [1,1 -3H] ethanol applying 3 -5 //I aliquots of an incubation. Since the enzymatic exchange is stereospecific 50% loss of total tritium corresponds to 100% exchange in the lR-position, Exchange rates of enzymatic incubations in D20 were measured by NMR on a Varian T 60 instru ment. The protons of the methyl or alkyl group ad jacent to carbon atom 1 served as an internal standard. Exchange rates of [1,1 -2H] alcohols in H20 were obtained after gaschromatographic iso lation of about 5 mg alcohol, by mass spectrometric analysis (MAT-Atlas GD150) of the fragments C2H2OH, CH2HOH, and CH2OH. The data were corrected for the natural abundance of 13C and 180 . 3.5-Dinitrobenzoates of the deuterated alcohols were combusted prior to mass spectrometric analysis32.
From ether solutions of the alcohols 3,5-dinitrobenzoic acid esters were prepared. Degradation of 3.5-dinitrobenzoic acid ethyl or propyl esters: The labelled ester was diluted with unlabelled material to about 3 mmoles and was hydrolyzed in 10% KOH (10 ml) for 3 hours at 80 °C. The solution was brougth to pH 9 with sulfuric acid followed by addition of 10% KMn04 solution. The acidified (H2S 0 4) mixture was steam distilled, the distillate was neutralized with 0.1 N NaOH, concentrated (20 ml) and acidified. Propionic or acetic and 3,5-dinitrobenzoic acids were extracted with ether. Chloroform (2 ml) was added to the extract which was evaporated and the acids separated. The resi dual acids were separated and converted into their silver salts. For details of the partial oxidation of propionic acid to acetic acid and control experi ments see 1. c. 33.
Isolation of the alcohols
The incubations were lyophilized at 10-2 Torr, the lyophilisate saturated with sodium chloride and extracted with diethyl ether which contained less than 0.06% ethanol. The ether solution was concen trated using a Vigreux column and the distillate (containing 0.1% ethanol, propanol and butanol even less) again used for the extraction of the lyo philisate. Finally the ether solution was concentrated to 50 ml, dried with potassium carbonate and the alcohol separated as described above. For polarimetric measurements a PE 141 instrument (Perkin Elmer) or Jasco Model ORD/UV-5 (Japan Spectro scopic) and temperature controlled tubes were used. When the water contents determined by gaschromatography were <2% (Table II) the density values for anhydrous alcohols at 20 °C were used for the calculation of the specific rotation. Wet packed cells of Candida utilis (50 g) were starved for 15 hours and centrifuged21,22. The cells were suspended in D20 (120 ml) twice, with intermittant and subsequent centrifugation, and than added to a mixture of 1 M phosphate buffer (3 ml in D20 ; pD = 5.8) n-propanol (3.75 ml) and D20 (50 ml) in a 3-necked flask equipped with a reflux condenser kept at -20 °C. The solution was stirred at 30 °C for 70 hours in an oxygen atmosphere. Preparation of (1R) [1 -2H] ethanol see I .e .1.
